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M Motivation for Monolithic Pixel Devisg(g%ary/

vertex /-
prd]

impact

Vertex Detectors (VXD)

Quarks from primary interaction hadronize

not seen),

Hadronization of quarks yields in jets of
particles, which retain the direction and the
energy of the parent,

Final states with large number of jets;
b, ¢, T present in most final states of interest,

Future Vertex Detectors should :
e allow assigning each track to its
vertex origin ,

’

a high particle density multi-jets environment,

Untill today the flagship are Charge Cupled Devices...

parameter

~“primary

beam
e allow reconstructing Q, M, E and 2 - 3" vertices

* allow reconstructing the flavour of each vertex in

but VXDs should also ...

e provide constant performances under relatively
harsh radiation environment,

* allow fast readout - to cope with background.

Positron, .
beam .-~ -Beam pipe

Innermost
/ detector layer
Outermost
detector layer

Secondary Vertex (SV)

Tertiary Vertex (TV)

— 50, + 1,0, Impact parameter precision
P 2
(1‘2 -1 ) and Multiple Coulomb Scattering
13.6 MeV X X
0, = z 140.0381n| —

Bep X, X,
The solution being sought is very granular,

ultra light, radiation hard, poly-layer VXD
installed close to the IP.
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M Operation Principle of CMOS Sensors for Particle Detection

* In visible light CMOS cameras, moderately
doped epitaxial layer provides long minority

carrier lifetime ... * Charge generated in non-depleted region collected

through thermal diffusion (or it recombines...) ...
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CHARGED PARTICLE ~7
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s (drain) (source
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NWELL DIODE NMOS TRANSISTORS IN PWELL

ELECTROSTATIC POTENTIAL

DISTANCE_
7

Potential barriers at layer interfaces confine the charge
- improving collection efficiency ...

e Active volume underneath the readout

electronics = 100% fill factor; charge
collected by deep n-well/p-epi diode.
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M First Prototypes - Summary of Performances

MIMOSA 1

die size 3.6 x 4.2 mm?

-

e.g. MIMOSA 11
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attern:| 2071 |C=2.5pF == CI ‘ .
reser | | gog?.gno...ooo aal_ o éM
roeie |COL_SEL SHIFT REGISTER 64b| =
[ INIT
Epitaxial layer, | Chip Sensitive .
Prototype, Process Pixel pitch configuration diode element Peculiar features
4x64x%64 pixels n-well/p-epi |thick epitaxial layer, 1 and 4 diodes / pixel
> ~
MLIGRES IO N, A0 T square layout 3.1x3.1 pm® |serial analogue readout ., <SMHz
6x64%64 pixels n-well/n-eni 1 and 2 diode / pixel
MII /200, 0.35 pm | ~4 pm, 20 pm |square and 1.7x1 7p nl:z structures for irradiation tests
staggered layouts | " serial analogue readout f.;,<25MHz
thin epitaxial layer, 1 diode / pixel
2x128x128 pixels | n-well/p-epi |varied size of SF transistor
> ~
MIIT /01, 0.25 pm | ~2 pm, § pm staggered layout | 1.0x1.0 pm’ |structures for irradiation tests
serial analogue readout f;,<40MHz
e no epitaxial layer, 1 and 3 diodes pixels
MIV /01, 0.35 pm LT 4x64x%64 pixels n-well/p-sulz) current mode plxel. (phot.oFET)
20 pm square layout 2.0x2.0 pm” |auto-reverse-polarised diodes
serial analogue readout f;,<40MHz
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M First Prototypes - Summary of Performances

* Tests with low energy X-rays ...

Purpose: Conversion gain calibration

# Entries

Emission spectra of a low energy X-ray
source e.g. iron °Fe emitting 5.9 keV
photons.

very high detection efficiency even for thin
detection volumes - U =140 cm?/g,
constant number of charge carriers about
1640 e/h pairs per one 5.9 keV photon

INCIDENT(PHOTONS

# Entries

©
:{112£§3 charge collected
between entirely
neighbouring /hv by one pixels
pixels
DEPLETION
P EPI-LAYER ZONE

1 Pixel - Cluster Signal Distribution

I 1-diode pixel
Nent:i 20492
Big Peak
Mean: 68.67
SD: 31.13
R2:3.78
Second Peak
Mean:271.67
SD: 5.59
R2:3.78

eV 6.49 keV,

™~

’l
\
’| i

MIMOSA I (14 um EPI)
configuration with
single diode in one pixel

100 150 200 250 300 350
Cluster Signal [ADC]

50

1 Pixel - Cluster Signal Distribution

# Entries

1 Pixel - Cluster Signal Distribution

350 ‘ MIMOSA I 4-diode pixel
300 Nent: 15721
! ‘ Big Peak
250 : H Mean: 55,53
SD: 17,53
200 ," R2:3.74

150 | S
Met n: 109.09
100 ’ l f Ke SD:3:63
- e
0 il !nml\”HH Hh”“ﬂlml'.' il “h... kev
20 40 60 80 100 120 140

Cluster Signal [ADC]
MIMOSA I (14 pm EPI)

configuration with
four diodes in one pixel

1 Pixel - Cluster Signal Distribution

40 [1 MIMOSA I 1-diode pixel 5.9 keV/l MIMOSA I 4-diode pixel
5.9 keV_ 100 =+ R
30 0\ L (N .
\ Second Peak «» 80 Second Peak |
\ Mean: 27167 | °E Mean! 109.09
20 \ sp:5591 = 60 SD:3.63
R2:3.78| R2: 1.85
/
10 W / AT kevh 20 Hl \ 649 keV
Y J
0 o &4
260 280 300 320 100 110 120 130 140 150
Cluster Signal [ADC] Cluster Signal [ADC]
MIMOSA T CMOS 0.6 yim 1 diode — 14.6 uV/e 4 diode — 6.0 uV/e

ENC =14 ¢ @1.6 ms f. rate

ENC =30¢ @1.6 ms f. rate

1 diode rad. tol.— 22.9 uV/e’

2 diode rad. tol.— 17.5 uV/e’

MIMOSA Il CMOS 0.35 um

ENC =12 ¢ @0.8 ms f. rate

ENC =14 ¢ @0.8 ms f. rate
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M First Prototypes - Summary of Performances
* Tests high energy charged particle beams (CERN SPS: © 120 GeV/c)

Charge collection time
(90 % of charge) <150 ns
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. . . o= @ > g0l Constant= 58 +3
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- .
s F b
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|« N 1 & -
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—
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M First Prototypes - Summary of Performances

Noise mean ENC [e’]: mean S/N:
single pixel 3x3 cluster
MIMOSA I: 1diode 12-14 42
4 dioodes 25-30 32 Collected charge [e] ‘Landau peak’:
MIMOSA II: 1 diode 9-12 22 seed pixel 3x3 cluster
MIMOSA I: 1diode 302 896
. . . 4 diodes 517 1155
Spatial Resolution vs ADC Resolut;on MIMOSA I 1 diode 110 315
- MIMOSA I & 11 2 diodes 136 407
— 450 A 1-diode pixel st |
S Y readout speed:
= 4.0 1.63 ms & 0.82 ms /frame
S 5 Spatial resolution (um):
g 35pA MIMOSA I: 1 diode 1.4+/-0.1
S a0k 6 4 diodes 2.1+/-0.1
g 30 @y .
§o0t MIMOSA I MIMOSA II: 1 diode 2.2+/-D.1
E 2_5‘:w “‘_“‘ .................. A
© 2 oi O : 4 A . o
(% O MIMOSA | Efficiency (%)
s B S MIMOSA I: 1 diode 99.5+/-0.2
. TR N N NN N SAN NN RRIN NI B | Lo MIMOSA It 4 diOdeS 99'2 +/- O°2
0 2 4 6 8 10 12 MIMOSA II: 1 diode 98.5 +/- 0.3

ADC Resolution [bits]

LEPS

Fowersr I I e
Electrovniguce st
Py oo
Systdnes Institut de
istumentsce Recherches Subatomiques
STRASBOURG

MIMOSA = Minimum Ionising MOS Active Pixel Sensors
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IZI Design and Performances of 3.5 cm?, 1M Pixel Device

~8.70r12.1cm >
HEA
=3 total
1TOP © 5 or 7 modules
F 4 array's NI 1020x1024 pixels EREmEmEmE=E=EEmamama
51 0X512 — | ] e
ki 17350 um>» each module
one reticle
P1BOT £ size
17x17 519400x17350 pm
il Mm pitch 4 S i

analogue readout || analogue readout | | analogue readout || analogue readout g analogue readout || analogue readout

TOP&BOT LEFT|[TOP&BOT RIGHT| [TOP&BOT LEFTJ[TOP&BOT RIGHT TOP&BOT LEFT OP&BOT RIGHT
digital control digital control digital control digital control digital control digital control

TOP&BOT LEFT OP&BOT RIGHT| |TOP&BOT LEFT|TOP&BOT RIGHT] TOP&BOT LEFT OP&BOT RIGHT]

00000000 00000000 v oneslabofsilicon OO OCLIO

analogue signal bus
VME bas;itreAaI;ig'l;t system (readout clock frequency 40 MHz) I
and hardware data processing units‘ | IMAGER board diagram | o
Ext. trigger , CTRL
0.6 pnm CMOS process with 14 pm epitaxial layer, — N v} xeione (Ao
" sync & cir PCRAD it P
Pixel - 17 x 17 nm?2, diodes P1 - 9.6 pm?, P2 - 24.0 pm?, e, ek ] 4
oy o v . . ¥ i
Stitching coarse: 100 pm + scribeline, option precise: 1pm, W oo 10256k 016B E
CSWEOE.; lt—] m
. ° KC4013E
Analogue readout - with hardware processing; CDS, W e | —L z
. . . . . ¢ B DA% 16)
pedestal subtraction, S/N analysis, sparsification on-line, < i !
. . . . = A
Several readout option: summation of signals from 3 pixels : Dl ,
in horizontal direction, fast scan every third pixel read-out, W PRa [ LTS
o C'SW’EOE= l—
KC4013E
rolling reset, W o | £t
Cost of a lot of six 6 inch wafers ~44 kEuro. ] 5t o ||
_ 2
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M Design and Performances of 3.5 cm?, 1M Pixel Device

next pixels
= row continuation

BIAS_75pA

. next pixels
» column continuation

————— >

<
vdg  17Hm

ROW_SEL

M1 - reset transistor
M2 - source follower

M3 - row switch
gnd|

* MIMOSA 5 size

17pum *

ok

next pixels
= row continuation

. next pixels

= column continuation
bottom part
of MIMOSA V

pixel 6n

—

COL_SEL_B<2n>
COLZSELZ2n> |
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~8 pF parasitic
line capacitance

gnd
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COL_SEL<2n> |[—

6n+1

[gnd

+_

pixel 6n+2

COL_SEL_B<2n>

—

COL_SEL<2n> |[—
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T

-
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pixel 6n+4 pixel 6n+5 -
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line capacitance
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BIAS_25

H

column level
signal summation
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temporal noise
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times ganged pixels higher
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VSW1l_B EE VSW1

V_REF

Gain X5 R2
R1 N
gain
+

VSW3_B EE VSW3

Gain X5 R2
R1 N
gain
+

o

Gain X5

R1 R1 N
V_REF gain
>— +

V_REF

VSW4_B EE VsSW4

t Gain X1 or x0.5

In summing operation of signals from 3 consecutive pixel,
2 groups of signals are activated alternatively i.e.

the first group: VSW1l, VSW2, VSW3

the second group: VSW4, VSW5, VSW6

[ouT_PAD>
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M Design and Performances of 3.5 cm?, 1M Pixel Device

Seed Pixel - Noise Seed Pixel - Signal/Noise
Clustersi naIDistribution :IIIIIIIIIIIIIIIIIIIIIIIIIIIIII llllllllllllllllll : :IIIIIIIIIIIIIIIIII'I"'I"'Il:
oo S e D DOy - P | :Z:tN=2262 E 20 [ hent ;
1000 k- - 180F Mean = 20.74 [] 200E - o o A ;
900__ i 1601~ RMS = 2.765 [ 180 | RMS = 16.09 E
- 5 [
2, I T —_ - - ~ 1 i -
o 800 — 4 &M ) 1225
s _ [ ® MIMOSAV ] o 120F 1 o™ E
s or 18 .k | 1 §120F | ] 3
S - B — F H E
g oo © MIMOSAL 1 £} MIMOSAV|{ 5 100 | MIMOSA V|
T 500 4 Wi I-diode pixel st|1 Wi gof-| " - - 1-diode pixel st|
© a00 N sor readout speed: 3 6oF- readout speed: | ]
. 4o0f 26.11 ms/frame F 26.11 ms/frame |
300 - , : - i temp.: 0° C |1 40f- |
T BRI R R B i 20 g 20E |
0 5 10 15 20 25 ok T : Ed | ' e ]
Cluster Size [# pixels] 0 5 10 15 20 25 30 35 40 45 50 O 20 40 60 80 100 120 140
Equivalent Noise Charge (e°) Signal/Noise
25 Pixel - Cluster Signal Distribution 4 matrices of 510 x 512 pixels read-out in parallel
C hqc25 3 .
a0 . - etched down to 120 pm:
- Mean = 1503 -
120 S e e | Preliminary results:
N : C =782.6 +24.64 § .
=100 || - MRV = 1024 20574 | Noise mean ENC: 20.74 e
®H : Sigma = 202.9 +4.975 J ] . .
2 gb | ‘ | , £ Single pixel S/N mean: 22.73
c = H - . .
g t Landau fit ] detection efficiency €: 99.3%
60 4 3 . .
R MIMOSA V3 spatial resolution c: 1.7 pm
C 1-diode pixel st | 1 . ) )
40 o ’ readout speed: | macro-scale gain nonuniformity: 0.2%
F 1 I 26.11 ms/frame | 3
20 ;b t < 0°C |1
: emp-: * - Twice noise MIMOSA I <~ wider frequency bandwidth,

0- l 1 l 1 emion 1 o o B u
0 1000 2000 3000 4000 5000 6000 7000 double source follower stage.",

Collected charge (e7)
Problem to be solved - fabrication yield.
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M Design and Performances of 3.5 cm?, 1M Pixel Device

MIMOSA V rotated with respect to the beam direction

1800 | I3x3 pixells chargeI vs beanL angle I 42 §_| Signal-to-noise vs beam angle z I """"""""""" -_E
S R O _Smalldwdes%lpm':

o 1600 . o . o DG v 36 M- Large dtodes 24.01 pm ............ xS R A
X A N N N S ......... T O S— et m—— -
- T 3 :.AMIMOSAV
S T MIMOSAY 28 EW g A-di0de pitel ST

I ..................... g E.,.,-..-r.r,':f.',,'.'.f.‘,: ..................... {-diode pixet St 26 5 5 A
10001 ~ ----- o readout speed 26.11 ms/ﬁ’ame . 24 Foi e RN SO | 2611ms/ﬁ’ame =

- e : ; o - A . A : - temp.: 0° C 3
800 ..I....l....I....l....l....i"/l‘p...olp(:. 22 Erjepeypgeeedege gy g oo e e
0 10 20 30 40 50 60 0 10 20 30 40 50 60

© (degrees) © (degrees)

Increase of signal observed = aproximate cos(0) dependence,
Saturation observed for central pixel <& geometrical effect.
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[Vl Radiation Hardness e Neutron irradiations 1

T
def
The carrier lifetime is related to the concentration of defects by: V .06 Ny

1 1 1 1

I
_|_
I

_|_
A
)

The dependence of the lifetime on the irradiation fluence is given by:

T
T R TO Tdef TO
-1
For large fluences second factor starts to dominate and carrier lifetime decreases like (KT )
neutron irradiation
MIMOSA I neutron irradiations 10 n/cm? e MIMOSA . simale diode, 3X5P chuster, —sre MIMOSA 1 Sore diece, mesn signal
—O— MIMOSA |, four diode, 1P cluster, —5— MIMOSA |, four diode, 2X2P cluster
—4— MIMOSA |, four diode, 3X3P cluster, === MIMOSA |, four diode, mean signal
15 T T T T T T T T T T T 1800 T T T T T T T T T T
] neutron irradiation ] 1 1
O MIMOSAL single diode  _ P T ~— 1600 g:%\g N
] opMMOSAL four cioce o cmene [ ] I B o T3 =3
T dispersion _ 1400 99144.21 0 0 1
= 10 in one matrix i\ gA 147.01 |
s 104 | 1 T 1 27.74#8.53 1 25
5 ENE=27.42¢8.76 29-02%8.53 28.86£7.94 ] §;§12°° 1 7377, .-
2 28.1248.8.71 3 &1000. 73-96\7‘_(\‘l 2
s 14.50+4.17 (4, 88 1 ( o— . ® ]
31 14.20:4.51 14.0134.32]  §15.55£3.91 = 2 800 O 0—o0 09
o 54 ENC=14.12+4.55 + - o5 ] 1o collected chgr?ﬁ dispersion 78.72
o ] T T 63 in one matrix (width of 5.9 keV X-ray :
= ».£ 6004 photon spectroscopic peak) .
: gs ]
=] ES 4004 o—© .
57 o—
4 Z 4 L)
0 T T T T T T T T T T T 200 T T T T T T T T T T T
0.0 2.0x10"  4.0x10"  6.0x10"  8.0x10"  1.0x10" 0.0 2.0x10"  4.0x10"  6.0x10"  8.0x10"  1.0x10"
Integrated neutron fluence [cm'z] Integrated neutron fluence [cm'z]
MIMOSA 11 MIMOSA II |fluence fluence fluence fluence fluence
neutron irradiations configuration - 1.2 x10” n/em’ |1.4 x 10" n/cm® |2.8 x 10"* n/cm? -
13 2 - - - -
10" n/cm MIL IO | 1206¢ (0%) | 952¢ (21%) | notmeasured | 958 ¢ 21%) | 442 ¢ (G388
(charge loss for 2 x 2
. MILBIOEE | 1249¢ (0%) | 1254¢ (0%) | 1089 ¢ (13%) | 1004 e (20%) | 667 ¢ (HGSR)
pixel cluster)
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M Alternative Architecture of Charge Sensing Element - example
A

(=2}
£
VDD VDD -
o ]
RE_SEL xx b i _physical signal
o ! ! N occurence
M2 =S ! |
M1 | So| |/ i
1 cwn H |
E&IEUW 28 ! ! saturation
XX 95 ! ! -~ level
© ] : ”/
JAN T M3 _——— ; 7 time
[84] 1 H ',/ .
; PIXEL ",/, drawing not to scale
am| S Q RESET\ oLTAGE DROP
due to the leakage current

@ On-pixel amplification requires suppression of the leakage current effect - preserving charge integration

positive power
[P** DIFFUSION  row positive
power supply 2

supply
select
positive

opower supply 1

Self-reverse

polarisation of charge

collecting diode, \V4 E-anrd

D2 e g jmz M1
In darkness, the o roanorTNY NWELL N** DIFFUSION _J/ P** DIFFUSION
diodes D2 conveys 0 Sﬁﬁ;“ D1 /////////// : ) I ////////////
or buffer Z reverse P* PWELL ,_NA NWELH
ij// \\\bakage
F/+/ particle leak

only a small value
bias
track

leakage current, thus
e eman )/?}}X/M/L/L}?/R//?///////////////////////

O ground

it represents very high
value resistance (10°- —1
1012 Q) ground P** SUBSTRATE
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M Performances of Self-Bias Test Structure on MIMOS
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M Pixel Architecture on MIMOSA VI

pixel row: n-1; |

READOUT CALIBRATION '
— — L
sue2 : L] Gain=100 pS
o—— T
\PIX OUT1
SMP1 o~ C —r> 4
charge sensing o 82 | LT = |
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L : ON/OFF operating point
control feedback
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< & c1 pixel row: n+1: !
3 %ZSCdrev Gain=1 Gain=5- 10‘ o orE L
S . .
2 na SF - source follower Column level circuitry
- VA - voltage amplifier (signal discrimination,
LT - linearised transconductance analog-to-digital conversion,

multiplexing, data compression)

@

Charge converted to voltage on diode cathodes; resulting voltage buffered by SF,

@

Amplified voltage stored on first capacitor,

©)

Second capacitor stores amplified voltage from previous cycle,

@

The signals are substracted on the transcosnduction stage, and currents sent for discrimination.
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M Pixel Architecture on MIMOSA VI
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M Summary & Outlook

Achievements

® Monolithique CMOS Pixel Detectors (pixel architecture used in visible light
application) offer detection efficiency, spatial resolution and radiation hardness
requested for the VXD at the FLC (TESLA),

©® Preliminary results from MIMOSA V indicate that performances obtained with
small size prototypes are reproducible with real size detectors (120 um thin devices),
® Depending on application, alternative pixel configurations are appealing i.e. use of
low doping non epitaxial substrate, auto-reverse polarisation of charge sensitive
element, etc.,

® Adequacy of the two-diode (logarithmic) pixel configuration for charged particle
detection has been assessed with the MIMOSA 1V prototype,

©® As aresult... design combining on-pixel signal amplification with double sampling
operation and column level discrimination - coming back soon from fabrication,

©® Development of this pixel concept is a first attempt for signal processing
functionalities, including e.g. data sparsification, performed on-line on the detector,
® Worth highlighting - room temperature operation.
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.

M Summary & Outlook
Goals

®© Whether the thin chips/ladders can be produced? Improving fabrication yield and
demonstrate (yield?) thinning technique as a post-processing technology,

®© Optimise granularity, readout speed and material budget to fit application
requirements,

© Integrate functions leading to the on-line data sparsification (column parallel

readout, on-pixel data processing, etc., = processes with > 5 metal layers © (in contrast
to visible light application no limits from quantum efficiency),

® For some application e.g. consisiting in low-energy (~10 keV) direct electron
1maging, - demonstrate back illumination (correlated with detector thinning),

©® System integration - DAQ, mechanical support, coolling, etc,

©® Understanding radiation effects (ionising radiation) and improving radiation
tolerance.
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M Radiation Hardness
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What is the difference?
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